Abstract-We provide an overview of the direct temporal domain approach for designing optical filters for ultrafast photonic signal processing applications. We discuss different filter designs, including lattice-form Mach-Zehnder interferometers and two-dimensional ring resonator arrays, to perform pulse repetition rate multiplication and arbitrary optical waveform generation. Simulation and experimental results are presented.
Techniques for the generation, control, and manipulation of optical pulses attract considerable interest for numerous applications and have become increasingly important in many scientific areas. Of specific interest are techniques for pulse repetition rate multiplication (PRRM), which are used to obtain ulrafast optical pulse trains from a lower repetition rate input pulse train, as well as for arbitrary optical waveform generation (AOWG). Traditional pulse shaping methods are based on frequency domain processing (i.e., spectral filtering) in which we specifically manipulate the different spectral components of the input pulse in amplitude and/or phase. However, the relationship between the input pulse spectrum and the target temporal waveform is not always straightforward, especially for phase-only filtering processes. In this paper, we present an overview of our recently developed direct temporal domain approach for designing optical filters to achieve PRRM and AOWG.
THEORY
The use of spectrally-periodic (SP) amplitude and/or phase filters for performing PRRM is well known and there have been several demonstrations of generating ultrahigh repetition rate pulse bursts or trains [1] . The principle of PRRM using SP amplitude filters is based on mode-selection theory: a uniform input pulse train with a repetition rate R will have a series of modes in the frequency domain which are also periodic with the same spacing R (based on simple Fourier relations). If the amplitude of an SP filter that is used to process the input train has a (larger) mode spacing equal to a multiple of R, then the output will have the same increased mode spacing, thereby increasing the repetition rate of the output train (the output train is otherwise uniform). More generally, based on spectral analysis, it is not always straightforward to see how the amplitudes of the individual pulses in the newly generated output pulse train can be controlled and modulated, especially when using phase-only filtering approaches, to achieve envelope shaping or AOWG.
Recently, we have proposed the direct temporal domain approach as a means for designing SP filters to perform PRRM with arbitrary envelope shaping [2] . In particular, when the free spectral range (FSR) of the SP filter satisfies certain conditions with respect to the new (output) repetition rate, not only is PRRM achieved, we can also specify the amplitudes of the output pulses (within the original period). The only requirement is that the input pulses are sufficiently "short". The principle is based on the double convolution of the input signal and the filter impulse response and requires a spectrally-periodic filter, as shown below in Eq. (1) [1] :
where a 0 (t) is the complex envelope of an individual input pulse, T = 1/R with R being the input repetition rate, a 2 (t) is the output signal, T F SR is the unit delay of the SP filter and is given by the inverse of the FSR, and h 0 (t) is the filter impulse response. Eq. (1) shows that the output signal is periodic with a new repetition rate which is determined by the original pulse repetition period T and the filter unit delay T F SR . For applications where only the intensity of the output signal is of importance, we can ignore the phase response of the SP filter. In this case, Eq. (1) shows that we can control the amplitudes of the pulses in the output train by controlling the impulse response of the filter at the discrete instants t = nT F SR . The required impulse response is obtained by optimizing the filter parameters. Figure 1 (a) illustrates the principle of performing PRRM using the SP filter. The same approach can also be used to perform AOWG as follows. When an input pulse train comprising "broader" pulses is launched into an SP filter, PRRM still takes place, but there will now be an interference among the output pulses. By optimizing h 0 (t), the amplitude and phase of each individual output pulse in the multiplied train can be manipulated, thereby forming a specified waveform (which repeats at the input repetition rate). This process is illustrated in Fig. 1(b) . Note that with this approach, traditional frequency domain processing is not used (no attention is paid to the frequency response of the SP filter). In either of the above cases, the key is to find an SP filter which can simultaneously perform PRRM and manipulate the amplitude and/or phase of each individual output pulse. Figure 1: Schematic of using the direct temporal domain approach for photonic signal processing and pulse shaping: (a) PRRM with arbitrary envelope shaping from an input pulse train with narrow pulse widths; (b) waveform generation from an input pulse train with a wide pulse width.
SIMULATION RESULTS
Two possible filters which can be used are lattice-form Mach-Zehnder interferometers (LF-MZIs) [3] and two-dimensional ring resonator arrays (2D RRAs) [4] . Both have attracted considerable interest for their applications in dispersion compensation and signal processing. The LF-MZI is a finite impulse response filter which does not incorporate any feedback loops and performs both amplitude and phase filtering, see Fig. 2(a) . It comprises m MZIs where κ m is the coupling coefficient of the mth directional coupler, ∆L is the length difference of the two arms in an MZI, and the FSR is given by F SR = c 0 /n e ∆L where n e is the effective index of the waveguide medium. Φ m is the relative phase shift added to each MZI stage. Fig. 2(b) shows a typical configuration of an M × N 2D RRA, where M represents the number of rings in the vertical direction and N represents the number in the horizontal direction. Details of the individual ring elements, which incorporate a directional coupler with splitting ratio κ and a phase shifter with an additional phase shift φ, are also shown. In our simulations, we assume that the rings are identical in size and are coupled in the vertical direction only. While there is no coupling between the rings in the horizontal direction, the signals propagate in the horizontal direction through the two waveguide buses that are placed at the top and the bottom of the RRA. The responses of both filtering devices can be calculated by using suitable transfer matrices [5, 6] . As a first example, we consider the use of a LF-MZI for generating an output pulse train at 80 GHz with a triangular envelope from a 10 GHz train of sech 2 pulses. We choose a filter F SR = 80/3 GHz to demonstrate the power of the direct temporal domain approach, namely that unlike conventional spectral filtering, we do not require the filter FSR to correspond to the output repetition rate. The number of MZI stages is 7. The results are shown in Fig. 3 . Indeed, we are able to obtain PRRM and multi-level amplitudes in the output profile. Next, we show how the 2D RRAs can be used to perform PRRM with binary code profiles. We design the RRAs to generate a pair of 40 GHz pulse trains with binary code profiles '1101' at output 1 and '1010' at output 2 from a uniform 10 GHz input pulse train comprising 1 ps sech 2 pulses. We consider a 3 × 3 RRA where the FSR is equal to 40 GHz and the waveguide loss is 1 dB/cm. We optimize the through-amplitude coefficient t = √ 1 − κ and phase shifts ϕ. The results are shown in Fig. 4(a) . Note that a pair of 40 GHz pulse trains with binary codes '1101' and '1010' are produced simultaneously at outputs 1 and 2. Finally, we demonstrate AOWG using a 2D RRA. We consider a 5 × 5 RRA with an FSR of 160 GHz. A 10 GHz train of sech 2 pulses with 8 ps FWHM is launched at input 1. We optimize the filter parameters to transform each input pulse into either (1) a square waveform with 5 ps rise and fall times, and a 40 ps flat-top or (2) a triangular waveform with 30 ps rise and fall times. The generated waveforms are shown in Fig. 4(b) and are well matched to their targets. This demonstrates the power of the direct temporal domain approach for designing SP filters to perform AOWG. 
EXPERIMENTAL RESULTS
To demonstrate experimentally the temporal domain approach, we have designed and fabricated LF-MZIs on silica-based planar lightwave circuits (PLCs) [7] . In particular, we design the LF-MZIs to perform 10 GHz to 40 GHz PRRM with binary code profiles. The device consists of 4 MZI stages and each stage has a pair of asymmetrical arms. The filter FSR is 40 GHz. We use a large bending radius (R = 8 mm) to minimize bending losses in the design. There are 5 couplers (κ0-κ4) and 4 phase shifters (ϕ1-ϕ4). A single 3 dB MMI coupler design is used for all 5 couplers in the device, which greatly reduces the complexity of the design and increases the stability and tolerance to fabrication errors. The phase shifts provided by the shifters are optimized for the desired output code profile. The waveguide core is made of Ge-doped SiO 2 with a dimension of 3.5 × 3.5 µm 2 and is produced by plasma enhanced chemical vapor deposition using silane (SiH 4 ), nitrous oxide (N 2 O) and germane (GeH 4 ) as precursors. The top cladding is a 12 µm borophosphosilicate glass (BPSG) with dopants introduced by using diborane (B 2 H 6 ) and phosphine (PH 3 ), respectively. The waveguides are defined using refractive ion etching. Figure 5 summarizes the results for generating binary codes '1011' and '1101'. The output repetition rate is ≈ 39 GHz, which is 4 times that of the original repetition rate. The four pulses within the original repetition period exhibit the desired binary code patterns although there are some intensity variations among the '1' bits which arise from imperfections in the device fabrication. Fig. 5(d) shows the simulated output pulse train for '1011' using parameters based on the experimental conditions: the waveguide loss = 0.8 dB/cm, the input train at 9.733 GHz comprises 3 ps Gaussian pulses, and the output signal is convolved with the 16 ps impulse response time of the detection system. The simulated output pulse train is in very good agreement with the measurements (note that the background in the measured output is due to unfiltered amplified spontaneous emission from the amplifiers used in the experiments). 
CONCLUSION
In summary, we have provided an overview of the direct temporal domain approach for PRRM and AOWG. We have provided simulations to demonstrate the principle using two very different types of filter structures: LF-MZI and 2D RRAs. We have also experimentally demonstrated the use of LF-MZIs for performing PRRM with binary code profiles. The use of tunable PLCs will allow for reconfigurable operation, thereby enhancing the capabilities even further.
